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Long-term  research  objective: 

Matter  wave  interferometers,  in  which  de  Broglie  waves  are  coherently  split  and  then  recombined  to 
produce  interference  fringes,  have  opened  exciting  new  possibilities  for  precision  and  fundamental 
measurements  with  complex  particles.  The  aim  of  our  research  program  is  to  extend  the  ideas  and 
techniques  of  atom  optics  and  atom  interferometry  which  underlie  atom  interferometers,  to  use  these 
devices  to  make  qualitatively  new  and/or  more  precise  measurements  in  atomic  physics,  and  to  perform 
fundamental  experiments  in  quantum  mechanics  based  on  our  ability  to  measure  interactions  that  displace 
the  de  Broglie  wave  phase  or  change  the  quantum  coherence  of  the  beams  (reducing  the  amplitude  of  the 
interference  pattern) . 

Science  and  Technology  objective: 

To  develop  the  techniques  of  atom  optics  and  atom  interferometers,  and  to  find  new  applications  in  many 
scientific  and  technical  arenas.  We  have  pioneered  applications  in  three  major  areas:  precision 
measurements  in  atomic  physics,  atom  interferometric  inertial  sensors,  and  investigations  of  fundamental 
quantum  mechanical  principles. 

Approach : 

Our  transverse  Mach-Zehnder  interferometer  for  atoms  and  molecules  uses  three  nanofabricated 
transmission  gratings,  and  generates  a  "white-fringe"  (i.e.  insensitive  to  momentum  spread  in  the  beam) 
interference  pattern.  Its  most  unique  feature  is  a  spatial  separation  and  isolation  of  the  two 
interfering  beam  paths,  permitting  the  application  of  an  interaction  to  only  one  of  the  two  paths.  Also, 
we  have  recently  constructed  a  novel  interferometer  in  which  the  two  interfering  paths  are  separated  in 
longitudinal  momentum  space.  It  is  ideally  suited  to  the  study  of  interactions  that  change  the  kinetic 
or  potential  energy  of  an  atom,  leading  to  time -dependent  superpositions  of  states  with  different  total 
energies . 

We  have  also  started  atom  interferometry  experiments  using  a  Bose-Einstein  condensate  in  collaboration 
with  Wolfgang  Ketterle.  Using  BEC  and  lasers  we  have  developed  a  means  of  amplifying  a  matter  wave  which 
can  enhance  the  contrast  of  atom  interference  fringes. 

Progress : 

This  past  year  we  built  an  improved  Mach  Zehnder  interferometer  for  atoms  and  applied  it  to  studying 
decoherence.  The  process  of  decoherence  in  quantum  systems  has  been  described  as  the  collapse  of  the 
wave  function,  and  causes  a  transition  from  from  quantum  mechanical  to  classical  behavior .  We  have 
studied  this  emergence  of  classical  behavior  in  three  different  experiments. 

By  scattering  a  controlled  number  of  photons  from  each  atom  within  the  interferometer  we  have 
demonstrated  a  calculatable  and  universal  form  of  decoherence  which  is  relevant  to  quantum  computation, 
quantum  error  correction,  and  quantum  communication.  In  two  other  experiments  we  have  broadened  the 
pedagogical  framework  of  decoherence  by  studying  the  effect  of  a  deterministic  momentum  transfer  to  each 
atom,  and  also  studying  the  role  of  each  atom's  internal  state. 

Technology  Transfer 

Our  demonstration  of  the  inertial  sensing  capabilities  of  atom  interferometers  continues  to  garner 
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widespread  interest  both  within  the  scientific  community  where  it  is  hoped  such  devices  will  eventually 
lead  to  tests  of  general  relativity,  and  in  the  military  where  atom  interferometers  may  one  day  replace 
laser  gyroscopes  in  some  inertial  navigation  systems.  Our  grating  fabrication  efforts  in  collaboration 
with  Prof.  Henry  Smith  at  MITs  Microsystems  Technology  Laboratory  are  helping  to  test  the  large  scale 
reproducibility  and  feature-size  limits  of  UV  lithography. 

Our  most  recent  demonstration  of  a  calculatable  and  universal  form  of  decoherence  is  relevant  to  qunatum 
computation,  quantum  error  correction  and  quantum  communication.  Because  quantum  interference  is 
essential  for  these  quantum  information  processing  applications,  the  process  of  decoherence  needs  to  be 
understood.  The  kind  of  decoherence  we  studied,  which  results  from  an  environment  where  multiple 
scattering  events  each  cause  a  small  amount  of  decoherence,  is  one  of  the  major  problems  faces  by 
current  efforts  on  quantum  computation. 

It  is  too  early  to  predict  the  ultimate  destiny  of  atom  amplification,  but  is  seems  likely  that  it  will 
result  in  improved  signal-to-noise  in  future  matter  wave  devices. 
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END-OF-THE-YEAR  REPORT  -  Part  III 
Viewgraph  Explanations 


NOTE:  We  have  provided  more  than  the  required  three  viewgraphs.  A 
minimal  presentation  might  include  the  introductory  viewgraph  plus  the 
“Inertial  Sensing  Technologies”  slides. 

Atom  Interferometerv  (intro.') 

Interferometers  are  extremely  sensitive  to  changes  in  the  relative  phase 
between  the  interfering  waves  (e.g.  via  different  interactions  they  may 
experience).  Since  atoms  are  capable  of  a  wide  range  of  interactions 
stemming  from  the  varied  properties  that  they  exhibit  (e.g.  magnetic 
moments,  polarizabilities,  absorption  frequencies),  atom  interferometers 
with  separated  beam  paths  offer  an  opportunity  for  a  rich  variety  of  precision 
and  fundamental  studies. 

Our  group  has  developed  two  types  of  atom  interferometer,  one  based  on 
nanofabricated  diffraction  gratings  arranged  in  a  Mach-Zehnder  geometry 
(typical  interference  pattern  shown  on  the  upper  right),  and  one  based  on 
Ramsey’s  celebrated  “Separated  Oscillatory  Fields”  technique  (typical 
interference  pattern  shown  on  the  lower  right). 

Recent  accomplishments  achieved  using  these  two  unique  devices  include  a 
demonstration  of  an  atomic  interferometer’s  applicability  as  an  inertial 
sensor,  groundbreaking  studies  in  the  field  of  longitudinal  atom  optics  and  a 
quantitative  study  of  quantum  decoherence  caused  by  different  mechanisms. 
Along  the  way  we  have  developed  a  cadre  of  atom  optical  elements  that  will 
be  useful  in  future  experiments  both  in  our  laboratory  and  elsewhere. 


Transverse  Interferometer: 

A  schematic  of  the  atom  interferometer  is  shown.  In  this  design,  which  is 
based  on  the  Mach-Zehnder  geometry,  a  supersonic  beam  of  atoms  is 
coherently  split,  recombined  and  the  resulting  fringe  pattern  is  imaged  using 
three  transmission  diffraction  gratings.  A  unique  feature  of  this 
interferometer  is  the  physical  separation  of  interfering  beam  paths.  Since  the 


paths  may  be  subjected  to  different  potentials,  the  observable  phase  and 
amplitude  changes  of  the  interference  pattern  provide  a  new  window  to 
atomic  interactions.  Examples  of  experiments  that  take  advantage  of  this 
feature  include  measurements  of  the  complex  index  of  refraction  of  sodium 
matter  waves  traveling  through  various  gases  and  a  measurement  of  the 
polarizabiltity  of  sodium. 


Tnertial  Sensitivity 

Atom  interferometers  are  much  more  sensitive  to  rotations  and  accelerations 
than  interferometers  based  on  light,  typically  by  ~10^  which  is  the  ratio  of 
an  atom’s  rest  energy  to  a  photon’s  energy.  Thus,  atom  interferometers  hold 
great  promise  as  ultra  sensitive  rotation  sensors.  In  this  shown  the  results  of 
an  experiment  in  which  the  interferometer  was  suspended  and  driven  with  a 
sinusoidal  force.  Although  the  interferometer  itself  was  not  optimized  for 
rotational  sensitivity  measurements,  the  agreement  between  the  predicted 
accelerations  and  accelerations  as  determined  by  accelerometers  is  within 
the  0.8%  experimental  uncertainty. 


Inertial  Sensing  Technologies 

In  this  graph,  we  plot  sensitivity  (the  reproducibility  with  1  s  integration 
time)  and  resolution  ( phase  shift  /angular  velocity).  The  performance  of  the 
atom  interferometer  is  comparable  to  those  of  commercial  laser  gyroscopes 
and,  if  optimized,  is  expected  to  be  at  least  an  order  of  magnitude  more 
sensitive  than  the  best  laser  gyroscope. 


Quantum  Decoherence  Rate 

The  contrast  of  our  atom-beam  interference  fringes  is  a  direct  measure  of 
quantum  coherence.  And  because  progress  in  fields  such  as  quantum 
computation  relies  on  understanding  and  correcting  for  mechanisms  which 
destroy  such  coherence,  we  have  studied  the  effects  of  different  decoherence 
environments  on  our  atom  interferometer. 


We  measure  the  decoherence  of  our  spatially  separated  atomic  superposition 
due  to  spontaneous  photon  scattering.  We  observe  a  qualitative  change  in 


decoherence  versus  separation  as  the  number  of  scattered  photons  increases 
and  verify  quantitatively  the  decoherence  rate  constant  in  the  many  photon 
limit.  Our  results  illustrate  an  evolution  of  decoherence  consistent  with 
general  models  developed  for  a  broad  class  of  decoherence  phenomenon. 
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Transverse  Interferometer 


In  our  transverse  interferometer,  a  supersonic  beam  of  atoms  is 
coherently  split,  then  recombined.  The  resulting  fringe  pattern 
is  imaged  using  three  transmission  diffraction  gratings.  Note  the 
physical  separation  of  interfering  beam  paths. 


Phase  Inferred  From  Accelerometers  (rad) 

Rotation  rate  as  inferred  by  the  atomic  interference  pattern 
versus  that  measured  directly  using  a  pair  of  accelerometers. 


Inertial  Sensing  Technologies 


(  03S/pBj)  XJIAIJISU3S 


t 

o 


in  id 

o  o 


CVI 

o 


« 

o 


<p 

o 


Resolution  (rad/Earth  Rate) 


Multiple  Decoherence  Regeimes 


Laser 

Decoherence  caused  by  multiple  scattering  events  (scattering 
several  photons  off  of  each  atom  in  the  interferometer)  is 
qualitatively  different  than  single-photon  decoherence,  and  is 
relevant  for  qantum  computers. 


Single  Photon  Decohernece 


one  photon  per  atom  at  different  locations  within  the  interferometer.  The  insert  shows  the 
angular  distribution  of  spontaneously  emitted  photons  projected  onto  the  initial  laser  beam 


Multiple  Photon  Decohernece 
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decoherence  function.  Also  displayedd  are  the  best  fits  from  which  we  determined  the 
average  number  of  photons  scattered  per  atom,  n  =  0.9  (upper  triangles),  1.4  (diamonds), 
1.8  (circles),  2.6(lower  triangles),  and  8.2  (crosses). 
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